Li, C., S. Frolking, and T. A. Frolking (1992), A model of nitrous oxide evolution from soil driven by rainfall events: 1. Model structure and sensitivity, J. Geophys. Res., 97(D9), 9759-9776, doi:10.1029/92JD00509. 
focuses on the relative importance of denitrification and nitrification to N20 fluxes in grasslands and takes into account daily to seasonal variations in soil conditions but does not contain enough detail concerning substrate dynamics to be easily generalizable to a variety of agricultural ecosystems. None of these models are able to predict daily or seasonal N=O emissions from field soils using readily available input data. In particular, none of these models can be used to study the impacts of various agricultural practices on nitrous oxide emissions. To better understand and quantify soil sources of N20, we have developed a model that couples decomposition and denitrification processes, as influenced by the soil environment, to predict emissions from agricultural soils (Figure 1) . The model runs on a personal computer and uses commonly available climate, soil, and agricultural practice data as input. Our model is directed to two applications: (1) investigation of the interactions of fundamental climatic, pedologic, agronomic, and microbiological variables which influence the production and emission of nitrous oxide from agricultural soils and (2) development of an improved quantitative assessment of the large-scale emissions of nitrous oxide from agroecosystems in the United States and globally. and Keeney, 1984] . The connection between emissions of Model equations and parameters are presented in the N20 and N2 and rain events can be explained primarily through the biochemical processes related to microbial activities in soils.
Denitrification occurs under oxygen-deficient conditions (e.g., in wet soils following rain events), when denitrifying bacteria utilize nitrate (rather than oxygen) as an electron acceptor [e.g., Knowles, 1981; Sahrawat and Keeney. 1986; Davidson, 1991] . Dissolved carbon compounds (referred to below as soluble carbon) in the soil solution are the major electron donors during denitrification as carbon is converted to CO 2. Under oxic conditions, these denitrifying bacteria along with many other bacteria decompose organic residues and microbial biomass to produce soluble carbon compounds and ammonium. These two processes along with ammonia volatilization, nitrification, adsorption, and plant uptake interact to control the substrate pools for microbial activity and gaseous emissions of N20 , N2, and CO 2.
Because of the substantial difference in N20 emissions between wet and dry soils, a season or year can be modeled effectively as a sequence of wet and dry periods. Soil temperature and moisture are two key factors controlling the rates of both decomposition and denitrification during these periods. Soil thermal-hydraulic flux, aerobic decomposition, and denitrification submodels of DNDC (DeNitrification and DeComposition) work together in simulating N20 and N2 emissions with a 1-day time step (1 hour during rain events) (Figure 1 ). In addition, the model calculates concentrations of nitrate, nitrite, ammonium, organic residues, microbial biomass, humads, and soluble carbon in the soil profile, as well as mineralization rates of C and N, nitrate leaching, and emissions of carbon dioxide and ammonia from the soil. appendices.
Submodel of Thermal-Hydraulic Flows
A one-dimensional soil heat flux and moisture flow model ( Figure 2 ) has been designed to calculate average hourly and daily soil temperature and moisture profiles. The modeled soil is divided into a series of horizontal layers. Each layer is assumed to have a uniform temperature and moisture content, assigned to a point at the middle of the layer. For each time step, water fluxes and heat flows between layers are determined by the gradients of soil water potential and soil temperature, respectively. All values are determined per unit area in the horizontal plane. These gradient-driven equations are numerically modeled by explicit finite difference equations (see Table 2 for thermal-hydraulic model equations). Typical vertical spatial resolution is 5 cm and time steps are generally about 30 min. Rainwater is added or evapotranspired water removed at the beginning of each time step, before gradient-driven fluxes are determined. Water flow out of the bottom of the modeled profile (typically 50 cm deep) is driven by gravity drainage only [Van Bayel and Lascano, 1980] . Heat flux into/out of the bottom layer is determined by the gradient between the bottom layer temperature and the annual mean air temperature imposed at 500 cm depth. To run the simulation with a minimum amount of meteorological input data, the heat flux at the soil surface is simplified to a gradient driven flux between the soil surface, which is assigned a temperature equal to the mean daily air temperature, and the top soil layer temperature at a depth of several centimeters. The moisture boundary condition at the soil surface has precipitation/irrigation and evapotranspiration components. Precipitation (or irrigation) events are prescribed input events. Since the goal of the DNDC model is to predict seasonal or annual N20 emissions, the precise timing of precipitation events is not important. We assume that all rain events start at midnight, are of constant intensity (throughout an individual storm but potentially varying intensity from one storm to the next), and of variable duration. At the beginning of each time step, the rainfall for that time step removes water from the top 20 cm of the soil; root density is assumed uniform over the top 20 cm, and root growth dynamics are modeled. For each layer, actual ET withdrawal depends on that layer's water content. DNDC characterizes soil physical properties by soil texture (see Table 3 Carbon:nitrogen ratios differ significantly between residues and microbial biomass, therefore the actual decomposition rates for residues are affected by the availability of nitrogen in the soil (see Table 4 and Table 5 for Table 6 and Table 7 Since most parameters adopted in this study are based on a standard temperature of 22.5 øC, the temperature effect factor is a standard exponential function equal to 1.0 at 22.5 øC (Q•0 = 2). This one temperature factor is applied to the activities of NOs' , NO2' , and N20 denitrifiers. in this model. These emission factors are not gradient driven and will undoubtedly create some artifacts in the shape of the denitrification N20 pulse.
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MODEL OPERATION
Climate, soil physical and chemical properties, and land use are important factors which govern N20-production processes in soils. These factors comprise the input for the DNDC Consumption of C, NO3', NO2', and N20; Production of Model (Table 8) 
Soluble Carbon and Nitrate Availability in Soil:
The Decomposition Submodel Both soluble C and NO3' are the products of decomposition and other oxidation reactions in soils. In DNDC the levels of the two substrates reflect the interactions of several factors, including initial organic residues, total organic carbon, soil moisture and temperature, and decomposition duration. In this section we examine the sensitivity of the decomposition submodel, which generates soluble carbon and nitrate pools, to variations in parameters from standard conditions ( Table 9 ).
Effect of initial rexidue and organic carbon content. As the initial organic residue content increased from 0 to 0.1 kg C/kg soil, final values (after a 30-day decomposition period) for both soluble C and NO3' increased (Figure 7) . During the first two or three weeks of decomposition the very labile and labile residues rapidly decompose and produce relatively high levels of soil ammonium, which is nitrifled to nitrate. The very labile residue pool has a low C:N ratio and thus introduces a lot of nitrogen into the soil. The initial organic residue pool will affect results for the first two or three dry period-rainfall cycles, but the model then equilibrates to the imposed climate scenario and initial residue pools play a less important role.
As the initial organic carbon content increased from 0 to 0.1 kg C/kg soil, the production of soluble carbon also increased (Figure 8 During normal model operation the denitrification submodel to be quite complex. These results are consistent with receives substrate status information from the decomposition numerous observations which indicate (1) water-soluble submodel at the beginning of each rain event. For this carbon is highly correlated with denitrification activity and sensitivity study, the denitrification model was run alone (2) increasing carbon availability generally decreases the ratio using standard conditions (Table 9) content in rainfall, initial soil nitrate, and initial ammonium all had little or no effect on annual CO 2 emissions.
S. SU•Y • CONCLUSIONS
This paper describes a process-oriented rain-event model of soil nitrogen and carbon biogeochemistry that has been developed to predict N2 0 emissions from agricultural soils over a growing season. A soil thermal-hydraulic model propagates a surface climate (daily mean air temperature and precipitation/irrigation) into the soil to determine soil temperature and moisture profiles. A decomposition submodel tracks the soluble carbon and nitrogen pools in the soil as plant residues decompose and soil microbes grow and die. A rain-event-initiated denitrification submodel calculates N2 0 and N2 production while the soil is wet during and following rain/irrigation events. The model allows for cropping, fertilizer and organic matter additions, and soil tillage so that agricultural practices can be simulated. We performed a series of sensitivity studies of the total model and the three submodels to determine the factors which have strong effects on the behavior of DNDC and its three submodels (Table 11) Since most fundamental biogeochemical processes have been included in DNDC, it can potentially serve not only for estimating N20 emissions but also for other processes related to mass exchange between soil systems and the atmosphere, such as fertilizer efficiency, carbon balance in soils, CH 4 and CO2 emissions, nitrogen leaching, and groundwater pollution. 
